Background: A new growing rod (GR) design, the semiconstrained growing rod (SCGR), with the added advantage of axial rotation freedom within the components, has been introduced at our center which has been shown to be growth friendly. We hypothesize that the SCGR system would reduce autofusion in vivo, thereby maximizing the coronal plane correction, T1-S1 growth, and the final correction achieved at definitive fusion for children with an early onset scoliosis. Methods: In total, 28 patients had either single or dual 5.5 mm diameter SCGR placed minimally invasively through a submuscular approach. Surgical lengthening procedures occurred approximately every 6 months until the definitive fusion procedure was performed for 18 patients. Scoliosis, kyphosis, and lordosis angles, T1-S1 trunk length, and any complications encountered were evaluated. Results: For the full cohort, before GR insertion, the mean major Cobb curve angle was 72.4 degrees (SD, 18.8; range, 45 to 120), mean T1-S1 trunk length was 282 mm (SD, 59; range, 129 to 365), and at the latest follow-up (mean 6.9 y, SD 3.3, range 2.0 to 13.0), 38.8 degrees (SD, 17.5; range 10 to 90) and 377 mm (SD, 62; range, 225 to 487), respectively. For the subset of 18 patients who have had their final instrumented fusion surgery, the definitive surgery procedure alone produced a correction of the major Cobb curve angle by mean 20.3 degrees (SD, 16.1; P < 0.0001), and an increase
arly onset scoliosis (EOS) is a structural 3D curvature of the spine that occurs before the age of 10 years. Among the growth friendly surgical treatment options for EOS, the use of growing rods (GR) has become increasingly popular in recent years if conservative measures of management fail to prevent progression. The objectives for this type of surgery are to correct and control the progression of spinal deformities while also being "growth friendly" which means preserving trunk growth and therefore pulmonary maturation and function in younger children. 1, 2 In addition, control of spinal sagittal profile has proved to be challenging in the EOS population, who are prone to hyperkyphosis, and therefore have a high risk of GR implant failure either at the caudal or cephalad fixation points. 3 Recent literature suggests that the rate of spontaneous autofusion during treatment with any type of GR is another common undesirable complication, with a reported incidence as high as 89% in skeletally immature patients. [4] [5] [6] [7] The literature on the physiopathology of autofusion found with any of the GR systems is scarce. This phenomenon may be partly related to the increased rigidity of the spine with the various implanted GR designs, contact between the device and the spine and the surgical technique. Autofusion has been found to result in diminishing amounts of lengthening achieved with each distraction as well as the reduced ability to gain deformity correction at the final definitive fusion surgery. 5, 8 Various concepts of GR have been designed since the original technique created by Harrington 9 in 1963 and further developed by Moe et al 10 in 1984. The magnetically controlled growing rod (MCGR) system was recently introduced to eliminate the repeated surgical lengthenings required with most other systems. 11 Initial results were promising but the rigid MCGR system currently available fails to prevent progressive spinal stiffness (autofusion) and has shown to have high mechanical complication rates in the small cohort studies to date 7, 11, 12 such that multiple surgeries remain frequent. Moreover, concerns now exist about the high rate of failure of the lengthening mechanism in MCGR as well as tissue metallosis around the implant such that further monitoring and longer follow-up studies are required. 7, [11] [12] [13] [14] A more recent GR design is the semiconstrained growing rod (SCGR; Medtronic, Memphis, TN). Because of the system being semiconstrained and uniquely allowing some rotary motion within the spanned spine segments, it is suggested that this new design may be less rigid during the corrective growth management of patients with EOS, when compared with conventional "rigid" GR. The primary rationale for design of the new SCGR was to reduce the degree of rotational constraint, allowing axial rotation behavior similar to that of the uninstrumented spine. In a previous in vitro biomechanical testing study using immature porcine spines as a model, the SCGR system provided sagittal and coronal plane support for the spine while allowing similar vertebral axial rotation motion to that of an uninstrumented spine. 15 We hypothesize that the animal study results suggest that the SCGR system could reduce the risk of autofusion in vivo, thereby maximizing the coronal plane correction, T1-S1 growth and the final correction achieved at definitive fusion for children with EOS. To the best of our knowledge, no data have been published previously on clinical outcomes of EOS scoliosis management in children using the SCGR system.
The aim of the current study was to review the preliminary outcomes of a prospective series of patients with EOS treated with the SCGR system, and report our results with regard to coronal and sagittal plane correction, T1-S1 trunk length changes, and any complications encountered.
METHODS
All consecutive EOS patients at a single pediatric orthopaedic center who had SCGR for progressive EOS between years 2006 and 2017 were included in the study. The GR procedure was offered to the parents/guardians if the child's scoliosis measured ≥ 40 degrees, had shown to be progressive (defined as major curve angle increase > 10 degrees in 6 mo), conservative management (observation, bracing, serial casting) had either failed or the treating surgeon deemed was not appropriate, and the child was medically fit for repeated surgical interventions. The children were managed postoperatively with early mobilization on day 1 after surgery. Standard practice at our center is that no bracing is used after SCGR insertion or lengthening procedures and children are encouraged to return to all normal activities by 8 to 12 weeks after the initial GR insertion surgery.
The data were collected prospectively and analyzed by 2 independent observers not directly involved in the patients' treatment. Our institution's Human Research Ethics Committee approved an exemption from full ethical review for this analysis of current practice and approved the publication of the findings based on the negligible risk to any individual and that the analysis was performed on an existing collection of data containing only nonidentifiable human data.
Surgical Technique and Device
The SCGR (Medtronic) is prescribed, manufactured, imported, and used with the Australian Therapeutic Goods Administration requirements for custom made medical devices, as described within the Therapeutic Goods (Medical Devices) Regulations 2002. Two standard minimal posterior approaches were used separately for the proximal and distal fixation points of the SCGR system such that fixation occurred only at the extremities of the deformity. The proximal fixation consisted of a combination of pedicle screws and/or hooks and in some cases a sublaminar wire depending on individual needs. Distal fixation consisted of pedicle screws at 1 or 2 vertebral levels as required, leaving the deformity itself without any bony anchorage or exposure. The position of fixation was confirmed intraoperatively with fluoroscopy. Single or dual 5.5 mm diameter SCGR were placed through a submuscular approach and connected to the foundation instrumentation at either end (Fig. 1) . A single SCGR on the concave side was used when a second rod on the convex side would lie directly against the apical vertebrae, hence theoretically increasing the risk of autofusion due to the direct contact. In such cases, surgical insertion of the proximal and distal fixation points, in preparation for the second rod, was done during the index GR insertion surgery. The preparatory fixation for the second SCGR was made using hooks and/or pedicle screws, with bone grafting and insertion of a temporary short length rod in anticipation of insertion of the second SCGR in its place, as soon as possible. When the deformity was satisfactorily corrected and the apex of the major curve was clear, the second SCGR was inserted within a scheduled lengthening surgery, using the cephalad and caudal fixation already in situ.
The SCGR is made up of a pure titanium rod that rests inside a titanium alloy barrel which is ceramic lined to minimize any wear debris as a result of the rod being free to rotate within the barrel while in situ. A locking mechanism allows regular lengthenings while preventing any loss of length of the construct in between procedures. A distraction procedure was performed every 6 to 9 months through a minimal posterior approach made directly over the locking mechanism, which when released allows telescopic lengthening via interconnecting male and female components. The amount of distraction was at the surgeon's discretion but generally an effort was made to distract as much as able at each lengthening intervention. Lengthenings were ceased when peak growth was deemed to be completed.
The final fusion surgery was achieved through a single central posterior approach. The SCGRs were replaced by 2 titanium rods (Medtronic CD Legacy, Memphis, TN) using the existing available foundation hooks and pedicle screws that previously held the GR system. Additional fixation points (pedicle screws) were inserted into spinal levels within the existing cephalad and caudal limits, as chosen by the surgeon. No osteotomies were performed as part of the final definitive fusion surgical technique. Partial facetectomies and decortication were performed to achieve the definitive deformity correction and instrumented fusion.
Clinical Analysis and Complications
The clinical data collected included age at insertion, sex, rib hump measured with scoliometer, diagnosis, number of lengthening procedures, length of follow-up and any complications or revision surgeries. The rods and connector barrels were swabbed at each lengthening and these tissue samples sent for analysis. Complications were classified according to the method of Smith et al 16 who created a consensus "complications classification" to allow comparison between different growth-sparing techniques used in the management of EOS. Complications were also analyzed according to the method of Teoh et al 17 who categorized complications associated with GR surgery for EOS as; superficial infection, deep infection requiring a surgical intervention, and unplanned return to theater at least 2 months before the next scheduled surgical lengthening. Teoh and colleagues' method was designed to allow comparison of complications between different GR techniques, specifically to take into account the more recent GR techniques (eg, MCGR) with shorter follow-up available, which may otherwise be advantageous to the newer technique, having less follow-up time available for complications to arise.
Radiographic Analysis
The radiographic parameters were measured on coronal and sagittal full-length spine radiographs taken in a standardized manner with the same distance between the tube and exposure plate. Radiographic measurements were analyzed by PACS software (Enterprise IMPAX System 6.5.3, Agfa Healthcare, Belgium) before and after GR insertion, each lengthening and the definitive instrumented fusion procedure. Measurements recorded were; coronal major curve angles, thoracic kyphosis (TK), lumbar lordosis, and trunk length. The magnitude of the curves were measured according to the Cobb method. 18 The TK (T4-T12) was the angle between the superior endplate of T4 and the inferior endplate of T12. The lumbar lordosis was the angle between the superior endplate of L1 and the superior endplate of S1. Trunk length (T1-S1) was the distance measured from the superior endplate of T1 to the superior endplate of S1. 
Statistical Analysis
A Microsoft Excel database (Brisbane, Australia) was established and used to record and analyze all data. Means, SDs, frequencies, and percentages were used to descriptively summarize demographics, radiographic characteristics of the deformities, and complications after surgery. The radiologic parameters before the GR insertion and after the definitive fusion were inspected graphically and then paired Student t tests were undertaken to confirm the significance of differences seen. For these small sample numbers, normality of the data was assumed and 2 tailed tests with unequal variances were used. Significance was defined as a P < 0.05.
RESULTS

Patient Cohort
A total of 28 patients (16 girls, 12 boys) with EOS were included in the study with a mean age of 8.1 years (SD, 2.1; range, 1.5 to 10.5) at the GR insertion surgical procedure. The patients had various etiologies including 19 neuromuscular, 4 congenital, and 5 idiopathic. The initial SCGR insertion procedures included 6 single rod and 22 dual rod. Patients with single GR inserted were converted to dual GR as soon as possible. No patients were lost to follow-up. For the full cohort of 28 patients, the mean preoperative major curve angle was 72.4 degrees (SD, 18.8; range, 45 to 120) and was corrected to mean 42.1 degrees (SD, 14.3; range, 22 to 85) immediately after GR insertion surgery (Fig. 2) . The mean number of lengthening procedures was 6.2 (SD, 3.1; range, 2 to 13) and mean follow-up since SCGR insertion was 6.9 years (SD, 3.3; range, 1.8 to 11.5). Mean T1-S1 height increased from 282 mm preoperatively (SD, 5.9; range, 129 to 365) to 317 mm (SD, 5.3; range, 155 to 383) immediately after GR insertion surgery. Of the 28 patients, 18 have had their final definitive instrumented fusion surgery. Patient and surgical details for this subgroup of patients are shown in Table 1 .
Rib hump measurements for the group who have had their final fusion surgery are reported as a clinical indicator of the chest wall asymmetry that results from the axial vertebral rotation element of progressive spinal deformity, and the control of this parameter afforded by the SCGR system during growth. The mean rib hump after GR insertion was 11.8 degrees (SD, 6.0; range, 3 to 25) and just before the definitive fusion surgery was mean 12.8 degrees (SD, 6.4; range, 3 to 28).
Radiologic Parameters
The radiologic parameters of the 18 patients who have completed their GR management and had their final instrumented fusion surgery are shown in Table 2 . The change in major curve angle and trunk length (T1-S1) throughout the period of GR treatment for this subgroup (from after GR inserted until just before the final instrumented fusion surgery) was mean 5.3 degrees (SD, 10.3; range, 0 to 26) and 74.8 mm (SD, 30.5; range, 42 to 127), respectively. The change in major curve angle and trunk length (T1-S1) as a result of the final fusion surgery alone (indicative of the available spine mobility at the time of fusion surgery) was mean 20.3 degrees (SD, 16.1; range, With regard to TK, before commencing the GR treatment, 6 patients had hyperkyphosis (TK > 40 degrees), 1 patient had hypokyphosis (TK < 10 degrees), and 11 had normokyphosis (TK, 10 to 40 degrees). Among the hyperkyphotic patients, 2 patients remained hyperkyphotic and 4 patients became normokyphotic after the GR insertion. All the normokyphotic patients remained normokyphotic after the definitive fusion. The hypokyphotic patient (TK = 8 degrees) was normokyphotic (TK = 12 degrees) after the definitive fusion. Radiographic parameters and patient demographics for the full cohort of FIGURE 3. Coronal radiographs of patient 5 with neuromuscular scoliosis (female, aged 6.7 y at GR insertion, Dandy-Walker Syndrome), preoperative major curve angle 105 degrees, T1-S1 trunk length 225 mm (A); radiograph after 6 lengthenings with T2-L5 dual semiconstrained GRs, major curve angle 45 degrees, T1-S1 trunk length 332 mm (B); and radiograph after final T2-L5 instrumented fusion surgery (12 lengthenings over 6 y, 7 mo), major curve angle postoperative 36 degrees, T1-S1 trunk length 410 mm (C). GR indicates growing rod. 
Complications in the Full Cohort
Three of the first 16 patients in the total cohort of 28 patients had low-grade superficial infections discovered during a lengthening procedure despite being systemically well: 1 patient at 1 year, 1 patient at 18 months, and 1 patient 3 years after GR insertion. In all cases, the rods and connector barrel were swabbed at each lengthening and pathology indicated the presence of mainly inflammatory cells. The low-grade infections were considered to be the result of the presence of wear debris found in copious amounts around the connector barrel centrally during lengthening surgeries, and occurred before the addition of the ceramic lining to the titanium alloy barrel from patient 17 onwards, such that there have been no further occurrences since. The addition of the ceramic lining has minimized any metal on metal contact within the central connector barrel, with the surgeons subsequently reporting that macroscopically there has been minimal discoloration found in the tissues surrounding the moving parts. Where infection occurred, the responsible organism was reported as Propionibacterium acnes, and the patients were treated with antibiotics. Patient 2 in the series developed a deep infection that was diagnosed before the fourth lengthening procedure, at 18 months after GR insertion. Despite long-term antibiotic treatment, the infection was persistent so the decision was made to remove the GR 1 year later which successfully treated the infection and no further intervention has been required. Patients 11 and 13 developed wound infections in the inferior incisions 1 month after the initial insertion of the GR which necessitated unplanned returns to theater. A saline wound washout followed by 3 months of antibiotics successfully treated the problem. These patients went on to have 9 and 11 lengthening procedures, respectively. Patient 11 went on to achieve an overall 70.4% correction of the major curve angle, with 30.4% of this obtained from the definitive fusion surgery alone (Fig. 4) .
There were 5 GR fractures involving 3 of the 28 patients. All the patients who had rod fractures had only a single GR inserted. Patient 13 had a GR fracture found just below the central connector barrel between the fifth and sixth lengthenings and a second fracture occurred a month after the sixth lengthening procedure, this time just above the central connector. The broken rod was replaced outside of a planned lengthening surgery procedure in theater, using the existing foundation fixation at either end. This patient continued on with the GR without further incident until their final fusion procedure almost 4 years later. Patient 18, who is yet to undergo definitive fusion surgery, had a fracture of his single GR just above the caudal pedicle screw fixation found just before the second lengthening. Another GR fracture was found just before the fifth lengthening, above the central connector barrel. For this patient, the GR was replaced each time within the scheduled lengthening procedures and the addition of a second GR occurred 6 months later during the sixth lengthening (with 1 more lengthening planned before definitive fusion surgery). Patient 21 had a GR fracture found before the third lengthening procedure which was then reconsidered and rescheduled to be the patient's definitive instrumented fusion surgery.
Three of the 28 patients, who each had only a single GR inserted, had a foundation failure at the cephalad hook in the first 6 months after the initial insertion, with 1 case being revised outside of a planned lengthening surgery. These were revised as soon as possible and in the case of patient 23, a second GR was able to be inserted (Fig. 5) , and no further complications have been encountered despite 5 additional lengthening procedures to date.
Using the complication classification system of Smith et al 16 which classifies device and disease-related complications with regard to severity and impact on the course of the GR treatment, there were 5 occasions where a complication justified an unplanned surgical intervention and 1 case where GR treatment was abandoned due to a device or disease-related complication (Table 3) , all detailed above.
On the basis of the method of Teoh et al 17 for comparing GR management complications between the various GR designs, which importantly takes the duration of GR treatment and follow-up into account, there were 10 complications involving 9 of the 28 patients, giving rise to 0.096 complications per patient per year. To specifically allow comparisons of other GR systems to the MCGR technique, Teoh and colleagues' method does not count a mechanical or device-related complication that was dealt with during a scheduled lengthening procedure.
DISCUSSION
Early arthrodesis to halt the progression of severe spinal deformities can adversely affect the growth and development of the spine, thorax, and lungs. 1, 2, 19 Research on the management of EOS focuses on growth-sparing techniques that attempt to avoid overly constraining physiological movement and growth while aiming to stabilize and correct the spinal deformity. Several techniques of instrumentation without fusion have been described in the literature. 7, 9, 10, 20, 21 The current study examined the clinical performance of a SCGR that has been shown to allow similar intervertebral axial rotational behavior to that of an uninstrumented spine in an earlier animal study. 15 This new concept of GR design, being less rigid than other GR systems, may provide patients with the benefit of being able to achieve near maximal spinal length while maintaining a greater degree of vertebral motion in patients with EOS, potentially avoiding autofusion which is a known common problem with existing GR constructs. 4, 5, 7, 8, 12 The current study showed satisfactory coronal deformity correction (mean major curve angle reduction of 39.8 degrees) in accordance with the current literature on growth friendly techniques. 7, 13, 20, 22 Of note was that 20.3 The results of the full cohort of the current study are displayed in brackets. GFS indicates growth friendly strategies.
FIGURE 5.
Radiographs of patient 23 with idiopathic early onset scoliosis (female, aged 9 y at GR insertion). A and B, PA and LAT views taken before the first lengthening procedure which found the cephalad hook fixation had dislodged. Note the additional cephalad and caudal instrumentation on the convex side, implanted during the index surgery in preparation for the second GR. C and D, PA and LAT views after cephalad hook was repositioned and the addition of a second GR which has resulted in no further dislodgement in the 2.5 years since. GR indicates growing rod; LAT, lateral; PA, posteroanterior.
degrees (range, 5 to 60 degrees) of the mean coronal curve angle reduction and 31.7 mm (range, 10 to 96 mm) of the mean trunk length increase was achieved by the definitive fusion surgery alone (Table 2 ). This is indicative that spine mobility was preserved such that the deformity was capable of further correction at the end of the SCGR treatment phase. In addition, the total T1-S1 trunk length increased by mean 112.9 mm over mean 4.5 years of GR treatment (Table 2) which was achieved from a combination of growth and deformity correction within the treatment period. Together, these results suggest that growth potential was preserved and autofusion was diminished in the thoracolumbar spine during the SCGR treatment. Dimeglio et al 23 reported that in a healthy spine cohort, the thoracolumbar spine (T1-S1) grew 11 mm per year between the ages of 5 to 10 and 18 mm per year between age 10 and puberty, providing the trunk lengthening guidelines that fusionless EOS management might aspire to. Recently, Teoh et al 24 reported a rate of spinal growth of 6.5 mm per year in a small series of 8 EOS patients treated by MCGR with mean 48 months follow-up, which is the longest medium-term follow-up study in the literature to date. However, 6 of these cases required 8 revision surgeries and by 4 years after initial insertion, only 50% of the cohort still had the magnetically controlled rods in situ. However, the presence of spinal growth does not preclude the presence of autofusion. The pathophysiology of autofusion that occurs in vivo with the various GR systems is poorly understood. The current contributors are thought to be the constraint of spine motion by the GR devices, direct contact between the spine and the GR device, inadequate lengthening thereby creating a posterior tethering and aspects of the surgical exposure of the spine, periosteum and local soft tissues. Cahill et al 4 advocate the roles of rigidity of the GR system, the local disturbance of paraspinal musculature by GR insertion and additionally the propensity of immature spines to spontaneous arthrodesis. Cahill et al 4 reviewed a series of 9 patients that underwent lengthening procedures using a traditional growing rod (TGR) system with end-to-end connectors and found 89% of autofusion at the time of device removal despite an average increase of the trunk length of 11.2 cm during treatment. The mean major curve angle correction of 24.3 degrees achieved in Cahill and colleagues' series during the definitive fusion surgery was obtained from mean 7.0 Smith-Petersen osteotomies per patient. In accordance with this study, Sankar et al 5 reported progressive stiffness of the spine with sequential lengthenings of various rigid GR systems for 36 children and termed this the "law of diminishing returns." Studies by Mardjetko et al 25 and Fisk et al 26 in the 90s reported extensive spontaneous fusion in skeletally immature patients who were instrumented without fusion in an attempt to control deformity while allowing truncal growth. Although the concept of the SCGR is to limit the chance of autofusion by being less rigid to maximize the growth of the trunk throughout the period of GR treatment, there is no reliable method available to quantitatively measure intraoperatively the degree of autofusion of the spinal segments spanned by GR systems in vivo. It was for this reason this manuscript used the amount of trunk length (T1-S1) gained and the reduction of the major curve angle achieved alone by the final fusion surgery, as indirect indicators of the lack of autofusion achieved in this patient group.
There has been some suggestion: the effects of GR systems on the spine may also include stimulation of vertebral body growth in the spine segments spanned and distracted by the GR system. Olgun et al 27 analyzed the vertebral body heights within and outside a GR construct with regular lengthenings and showed growth stimulation in vertebrae within the instrumented spine levels compared with vertebrae outside of the spanned levels but the differences were small and likely within the limits of measurement error. With the SCGR construct used in the current study, there is no surgical exposure in the concavity of the major curve and each lengthening procedure is performed through the same incision over the barrel connector centrally, which may also contribute to limiting the chance of bone mass formation. The mean T1-S1 trunk length (31.7 mm) and mean major curve angle reduction (20.3 degrees) achieved without osteotomies by the definitive fusion surgery alone in the current study, provide the only quantifiable evidence available that supports the hypothesis that SCGR may minimize autofusion (Table 2 and Figs. 3, 4) . The mobility of the spine intraoperatively at the end of the SCGR treatment in the current study was reported anecdotally by the surgeons at our center to render the definitive fusion surgery technically less difficult with good major curve angle corrections achieved without the need for routine osteotomies.
Jain et al 28 studied the characteristics of 30 EOS patients who completed rigid TGR treatment but did not undergo a final surgical fusion procedure. These authors suggested that when <1 cm of distraction was gained at the final GR lengthening, this was an indication that spine stiffening/autofusion had occurred. Jain et al 28 also reported a mean 19% deformity correction from the surgical fusion procedure alone for a cohort of 137 treated with TGR. In the current definitive surgery cohort of 18 cases, there were 2 where trunk length during the final fusion surgery increased by only 1.0 cm, with a reduction in major curve angle in these patients of ≤ 7 degrees to achieve final major curve angles of 44 and 16 degrees, respectively (both 54 degrees at the initial GR insertion), which by Jain's criteria indicated autofusion may have occurred. However, for the other 16 patients in the current series there were pleasing major curve angle corrections achieved from the definitive fusion surgery alone.
Few studies have been published on the effect of the GR on sagittal parameters. 7, 22, 29 In the current study, almost all patients improved their sagittal alignment and balance after SCGR treatment. In total, 71% of the hypo/ hyperkyphotic patients (1 hypokyphotic, 4 hyperkyphotic) before the GR insertion were normokyphotic after the definitive fusion. The normokyphotic patients remained normokyphotic after the definitive fusion. This is in keeping with Shah et al, 29 who reported that patients with hyperkyphosis improved and the normokyphotic patients maintained their alignment. Similar to our cohort, Shah et al 29 found that the majority of the GR fractures occurred in patients with hyperkyphosis before GR insertion and the use of a single GR. Lebon et al 7 reported no significant change in mean TK for his group of 30 patients undergoing MCGR management which was similar to the current study. In contrast, La Rosa et al 22 found that the insertion of MCGR in a cohort of 10 patients reduced the mean kyphosis significantly by 14.1 degrees which remained stable thereafter. The mean lumbar lordosis of our definitive fusion cohort remained stable throughout the GR treatment period and did not change more than mean 5 degrees as a result of the final fusion surgery. In addition, the titanium rod portion of the SCGR construct may be prebent to recreate a more suitable sagittal profile when inserted (Fig. 6 ), which may also reduce the forces acting on the cephalad anchor points to minimize the chance of dislodgement as well as reduce the incidence of rod fracture. Although the MCGR system cannot be prebent to any extent due to the length and position of the magnetic actuator, which tends to be positioned typically over the deformity apex.
Current practice at our center is to use dual SCGR rods wherever possible in patients with hyperkyphosis (and for GR management in general) to reduce the expected high implant complication rate associated with use of single GR.
However, a single SCGR continues to be used initially in patients who have a large kyphoscoliosis to minimize or avoid contact between the rod and the apex of the deformity which may result in autofusion, as mentioned previously. As soon as sufficient deformity correction has been achieved and the apex of the curve is clear, the second SCGR is inserted for the duration of the GR management period (Fig. 5) . As in the current study, fracture rates were higher for single rods rather than dual rods, which is supported by a large multicenter analysis of 327 TGR patients by Yang et al 30 (36% vs. 11%, P = 0.001).
Eleven patients had 14 complications from the full cohort of 28 patients (Table 3) , resulting in 5 unplanned surgical interventions outside of scheduled lengthening procedures and 1 case where GR treatment was abandoned, classified according to the method of Smith et al. 16 Using the method for analyzing complications between GR systems by Teoh et al, 17 which takes into consideration the shorter follow-up available for newer GRs techniques (such as the MCGR), there was a mean rate of 0.096 complications per patient per year for our SCGR series. This is lower than the rate of complications for MCGR or TGR reported in the literature. Teoh et al 17 studied the complications of MCGR compared with conventional GR reporting 0.32 complication per patient per year for 10 patients with MCGR and 0.15 complication per patient per year with TGR followed up for 34 and 88 months, respectively. La Rosa et al 22 reported a complication rate of 30% for his MCGR cohort of 10 patients but follow-up was only mean 27 months. The rate of complications reported by Sankar et al 31 was even higher, at 72% or 2.06 complications per patient in a group of 36 patients treated by various rigid TGR systems. The most often seen complications in GR management are implant failures ranging from rod breakage to foundation failure predominantly at the cephalad anchor points. We suggest that by allowing axial plane rotation within the construct of the SCGR, in addition to the ability to prebend the SCGR in the sagittal plane, bending stresses in the rod are reduced leading to reduced rod breakage and pullout as well as minimizing spontaneous fusion. Finally, the risk of wound and implant-prominence complications is reduced by the submuscular placement of the SCGR used in the current study combined with the advantageous low profile of this construct as opposed to the bulky profile of the MCGR which is a concern in lower body weight EOS patients.
There were several limitations with the current study. The primary limitation is the lack of a reliable method to assess or quantify any autofusion that may occur throughout the GR treatment period, other than indirect inference from lengthenings achieved and the changes in the major curve angle and T1-S1 trunk length that resulted directly from the final definitive surgery procedure. As our center has been using the SCGR exclusively, there was no comparison group utilizing an alternate GR system, nor did we have sufficient numbers for any subgroup analysis between different types of scoliosis (eg, idiopathic vs. neuromuscular). However, the patient cohort is similarly small to many of the published GR studies 4, 6, 8, 11, 17, 21, 22, 31 and reflects the practice of 1 surgical team at a single center using the novel SCGR system. Despite the small cohort however, patient data were collected prospectively during the entire period of utilization of the semiconstrained implants and no patients have been lost to follow-up. Furthermore, all patients had their radiographs performed in the same department according to the standardized protocol rending the radiologic parameters more accurate.
The SCGR system is a new addition to the "growth friendly" options for GR treatment of EOS which uniquely preserves freedom of spinal motion in the axial plane without loss of control of trunk rotation. Patients exhibited significant increases in T1-S1 trunk length and stabilization of the major curve angle over the course of the treatment and significant trunk length increase and major curve correction again with the definitive fusion surgery, suggesting that autofusion had been minimized. The SCGR system was shown to achieve good deformity stabilization and correction with low complication rates compared with traditional rigid or magnetically controlled GR constructs.
